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In the context of Standard Model (SM) extensions, the seesaw mechanism provides the most
natural explanation for the smallness of neutrino masses. In this work we consider the most eco-
nomical type-I seesaw realization in which two right-handed neutrinos are added to the SM field
content. For the sake of predictability, we impose the maximum number of texture zeros in the
lepton Yukawa and mass matrices. All possible patterns are analyzed in the light of the most recent
neutrino oscillation data, and predictions for leptonic CP violation are presented. We conclude that,
in the charged-lepton mass basis, eight different texture combinations are compatible with neutrino
data at 1σ, all of them for an inverted-hierarchical neutrino mass spectrum. Four of these cases
predict a CP-violating Dirac phase close to 3pi/2, which is around the current best-fit value from
global analysis of neutrino oscillation data. If one further reduces the number of free parameters
by considering three equal elements in the Dirac neutrino Yukawa coupling matrix, several texture
combinations are still compatible with data but only at 3σ. For all viable textures, the baryon
asymmetry of the Universe is computed in the context of thermal leptogenesis, assuming (mildly)
hierarchical heavy Majorana neutrino masses M1,2. It is shown that the flavored regime is ruled
out, while the unflavored one requires M1 ∼ 1014 GeV.
I. INTRODUCTION
The discovery of neutrino oscillations provided a solid
evidence for physics beyond the Standard Model (SM),
by confirming the existence of neutrino masses and mix-
ing. From the theory viewpoint, the most straightfor-
ward and elegant way of accounting for them consists of
adding right-handed (RH) neutrinos to the SM field con-
tent. If heavy enough, these states can mediate neutrino
masses at the classical level through the well-known see-
saw mechanism [1]. Besides supplying an explanation for
small neutrino masses, the addition of RH neutrinos to
the SM allows for the leptogenesis mechanism [2] to work
through the out-of-equilibrium decays of the heavy neu-
trinos in the early Universe (for reviews see e.g. [3–6]).
This offers an answer for another SM puzzle: the baryon
asymmetry of the Universe (BAU).
Although, in principle, the number of RH neutrinos
is arbitrary, at least two are necessary to explain the
present neutrino oscillation data, namely, three nonzero
neutrino mixing angles and two mass-squared differences.
Interestingly, at least two RH neutrinos are also required
for leptogenesis to be realized. Therefore, the two RH
neutrino seesaw model (2RHNSM) is not only a minimal
model for neutrino masses, but also for the generation
of the BAU in the context of leptogenesis. Still, even in
this scenario, the number of parameters describing the
neutrino Lagrangian at high energies is larger than the
number of low-energy observables currently (or poten-
tially) measured by experiments. One way of increas-
ing predictability is to consider texture zeros in the lep-
ton Yukawa and mass matrices, which can be motivated,
for instance, by imposing U(1) Abelian flavor symme-
tries [7, 8]. In general, texture zeros imply predictions
not only for low-energy neutrino parameters but also for
the BAU, since leptogenesis is sensitive to the couplings
which control neutrino masses and mixing. Therefore, a
complete study of all possible texture zeros in the light of
most recent neutrino data is welcome. In particular, since
neutrino experiments are starting to deliver some infor-
mation regarding leptonic CP violation [9], predictions
for low-energy CP phases are of utmost importance. At
the same time, a connection with leptogenesis can also
be established in this framework [9, 10]. These ques-
tions have already been partially covered in the litera-
ture. For instance, the compatibility of texture-zero hy-
pothesis in the 2RHNSM with neutrino data has been
studied in Refs. [11–15] and, in the context of leptogen-
esis, in Refs. [16–23].
In this work, we revisit the 2RHNSM in maximally re-
stricted texture-zero scenarios, i.e. when the maximum
number of texture zeros is imposed in the lepton Yukawa
and mass matrices. Moreover, we consider cases in which
equality relations among the Dirac neutrino Yukawa cou-
plings exist. For textures that reproduce the observed
neutrino mass and mixing patterns, we present the pre-
dictions for low-energy CP violation, neutrinoless double
beta decay and the BAU. Special attention will be paid
to the treatment of leptogenesis in the 2RHNSM. Con-
trary to what is usually done in the literature, where
only the decay of the lightest heavy neutrino is consid-
ered, we include decays of both heavy neutrinos in our
analysis. Moreover, flavor effects which arise from the
fact that lepton interactions become out of equilibrium
at different temperatures are taken into account.
This paper is organized as follows. In Section II we
set the basics of the 2RHNSM, by describing the model
and identifying the number of parameters at high and
low energies. Afterwards, in Section III, the maximally-
restricted texture zero matrices are identified, and their
compatibility with neutrino data is analyzed. Further-
more, the predictions for Dirac and Majorana CP phases
are shown, together with those for the effective neutrino
mass parameter relevant for neutrinoless double beta de-
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2cays. We also consider cases with three equal elements
in the Dirac neutrino Yukawa coupling matrix in Sec-
tion III A. We then compute the BAU in the thermal
leptogenesis framework in Section IV, and determine un-
der which conditions its value is compatible with the ob-
served one. Our conclusions are drawn in Section V.
II. THE TWO RIGHT-HANDED NEUTRINO
SEESAW MODEL
Considering only Yukawa and mass terms, the lepton
Lagrangian density for the SM extended with RH neu-
trino fields νR is L = L` + Lν with
Lν = −`LYνΦ˜νR − 1
2
(νR)cMRνR + H.c. , (1)
L` = −`LY`Φ eR + H.c. . (2)
Here, `L and Φ are the SM lepton and Higgs doublets,
respectively, Φ˜ = iσ2Φ
∗, and eR denote the RH charged-
lepton fields. The Dirac neutrino Yukawa couplings and
RH neutrino mass matrices are described by Yν and MR.
For N RH neutrinos, Yν and MR are 3×N and N ×N
general complex matrices, being MR symmetric. After
integrating out the νR’s, the effective Majorana neutrino
mass matrix Mν , obtained upon electroweak symmetry
breaking, is given by the seesaw formula [1]
Mν = −v2YνM−1R YνT , (3)
which is valid for MR  v, where v = 174 GeV is the
vacuum expectation value of the neutral component of
Φ. This (symmetric) matrix is diagonalized by a unitary
matrix Uν as
UTνM
νUν = diag(m1,m2,m3) ≡ dm , (4)
where mi are the (real and positive) effective neutrino
masses. Considering that U` rotates the left-handed
(LH) charged-lepton fields to their diagonal mass basis,
lepton mixing in charged currents is encoded in the so-
called Pontecorvo-Maki-Nakagawa-Sakata (PMNS) uni-
tary matrix U given by
U = U†`Uν . (5)
Throughout this work we will use the standard
parametrization [24]
U =
 c12c13 s12c13 s13e−iδ−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13
s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13
1 0 00 eiα21/2 0
0 0 eiα31/2
 , (6)
where cij ≡ cos θij , sij ≡ sin θij and θij (i < j = 1, 2, 3)
are the three lepton mixing angles. The phases δ and
α21,31 are Dirac and Majorana-type CP-violating phases,
respectively.
The present values for θij , δ and ∆m
2
ij = m
2
i −m2j , ex-
tracted from global analyses of all neutrino oscillation
data [25–27], are given in Table I for both normally-
ordered (NO) and inverted-ordered (IO) neutrino mass
spectra defined as:
NO : m1 < m2 < m3 (∆m
2
31 > 0) , (7)
IO : m3 < m1 < m2 (∆m
2
31 < 0) . (8)
Notice that although neutrino mixing angles and mass-
squared differences are known with very good precision,
the experimental sensitivity to the value of δ is still
limited, and the statistical significance of the presented
ranges for that parameter is low.
Let us now consider the simplest type-I seesaw model
which can account for the data presented in Table I, i.e.
the 2RHNSM. In this case, Yν and MR are 3 × 2 and
2 × 2 matrices, respectively. In the mass-eigenstate ba-
sis of νR, the free parameters in the Lagrangian (1) are
the two RH neutrino masses M1,2, and the twelve real
Parameter Best Fit ±1σ 3σ range
θ12 (
◦) 34.5+1.1−1.0 31.5→ 38.0
θ23 (
◦) [NO] 41.0± 1.1 38.3→ 52.8
θ23 (
◦) [IO] 50.5± 1.0 38.5→ 53.0
θ13 (
◦) [NO] 8.44+0.18−0.15 7.9→ 8.9
θ13 (
◦) [IO] 8.41+0.16−0.17 7.9→ 8.9
δ (◦) [NO] 252+56−36 0→ 360
δ (◦) [IO] 259+41+47
0→ 31
142→ 360
∆m221 (×10−5 eV2) 7.56± 0.19 7.05→ 8.14
|∆m231| (×10−3 eV2) [NO] 2.55± 0.04 2.43→ 2.67
|∆m231| (×10−3 eV2) [IO] 2.49± 0.04 2.37→ 2.61
TABLE I. Neutrino oscillation parameters obtained from the
global analysis of Ref. [25] (see also Refs. [26] and [27]).
parameters of Yν . By rotating the LH charged-lepton
fields, one is able to eliminate three parameters from
Yν , leaving a total of eleven. Since for the 2RHNSM
3the effective neutrino mass matrix Mν given in Eq. (3)
is rank two, m1 = 0 (m3 = 0) for NO (IO).
1 Moreover,
the diagonal phase matrix in Eq. (6) must be replaced by
diag(1, eiα/2, 1) since, in the presence of a massless neu-
trino, only one Majorana phase is physical. Thus, in the
2RHNSM, the low-energy neutrino sector is described by
seven parameters (two masses, three mixing angles and
two CP-violating phases), to be compared with the eleven
at high energies.
One convenient way of parameterizing Yν relies on the
so-called Casas-Ibarra parametrization [28]. In the basis
where both MR and Y
` are diagonal,
Yν = v−1U∗ d1/2m Rd
1/2
M , (9)
with dM = diag(M1,M2). The matrix R is a 3 × 2
complex orthogonal matrix which can be parametrized
by a single complex angle z in the following way
RNH =
 0 0cos z − sin z
ξ sin z ξ cos z
 , RIH =
 cos z − sin zξ sin z ξ cos z
0 0
 ,
(10)
with ξ = ±1. Notice that, in the case of a non-diagonal
MR, the right-hand side of Eq. (9) must be multiplied
on the right by U†R, being UR the unitary matrix which
diagonalizes MR as U
T
RMRUR = dM .
Clearly, even in the simplest minimal type-I seesaw
model, there are more free independent parameters at
high energies than at low energies. In order to reduce the
degree of arbitrariness of the 2RHNSM, in the next sec-
tion we will introduce maximally-restricted texture zeros
and study their phenomenological implications.
III. MAXIMALLY-RESTRICTED TEXTURE
ZEROS
In this section we will study the implications of im-
posing texture zeros in Y`, Yν and MR. Our guiding
principle is to consider the maximum number of zeros
such that the charged-lepton masses and neutrino data
can be accommodated. In the former case, this cor-
responds to having six zeros in Y`, which guarantees
three non-degenerate masses. There are six textures of
this type related among each other by permutations of
rows and/or columns applied to Y`diag = diag(ye, yµ, yτ ),
where ye,µ,τ = me,µ,τ/v. Textures for Y
ν with three
or more zeros lead to vanishing mixing angles and/or
two massless neutrinos, being therefore excluded experi-
mentally. In principle, with two texture zeros in Yν , all
neutrino data could be reproduced. There are fifteen dif-
ferent types of 3× 2 matrices with two vanishing entries.
1 From now on we will denote these two cases by normal (NH) and
inverted hierarchy (IH), respectively.
Some of them are automatically excluded by present neu-
trino data, namely,
• Textures with two zeros placed in the same line
j of Yν are excluded since these lead to the case
in which the two RH neutrino fields are decoupled
from the lepton flavor j. Therefore, all elements in
line (and column) j of the Majorana neutrino mass
matrix Mν vanish, implying the existence of two
vanishing mixing angles θij , which is excluded by
the data. In practice, this corresponds to the sit-
uation in which one neutrino flavor state coincides
with its mass eigenstate.
• If both zeros are placed in lines (i, j) of the same
column in Yν , then lines (and columns) (i, j) of Mν
are linearly dependent. Thus, at least one mixing
angle θij is zero, leading to the unrealistic case in
which one flavor eigenstate is a superposition of
only two of the three mass eigenstates.
We therefore conclude that the maximally-allowed num-
ber of texture zeros in Yν is two. The Yν textures to be
analyzed are of the type:
T1 :
0 ×× 0
× ×
 , T2 :
0 ×× ×
× 0
 , T3 :
× ×0 ×
× 0
 ,
T4 :
× 00 ×
× ×
 , T5 :
× 0× ×
0 ×
 , T6 :
× ×× 0
0 ×
 ,
(11)
where the symbol × denotes a generic non-vanishing en-
try.
As for MR, with more that two texture zeros, at least
one of the RH neutrinos is massless. On the other hand,
with one texture zero, there are three different patterns
for MR:
R1 :
(× 0
· ×
)
, R2 :
(
0 ×
· ×
)
, R3 :
(× ×
· 0
)
, (12)
with the dot (·) indicating the symmetric nature of the
matrix. Combining them with the Yν textures (11)
through the seesaw formula (3), one obtains the textures
for Mν given in the third column of Table II. All cases
A-F feature the presence of one texture zero in Mν . No-
tice that sets of (Yν ,MR) textures related by simulta-
neous permutations of the columns in Yν , and lines and
columns in MR, lead to the same M
ν due to invariance
of Eq. (3) under νR rotations. Moreover, when MR is
diagonal (texture R1), M
ν is the same for Yν textures
related by a column permutation. For instance, the sets
(T1,R1) and (T4,R1) lead to the same low-energy predic-
tions since T1 and T4 are related by column permutation.
The condition Mναβ = 0 imposes relations among the
neutrino parameters. In particular, from Eq. (4) it is
4Yν MR M
ν
NH IH
T1, T2 R2
A:
0 × ×· × ×
· · ×
 7 7
T4, T5 R3
T1, T4 R1 B:
× 0 ×· × ×
· · ×
 7 3(1σ)
T2, T5 R1 C:
× × 0· × ×
· · ×
 7 3(1σ)
T3, T4 R2
D:
× × ×· 0 ×
· · ×
 7 3(1σ)
T1, T6 R3
T3, T6 R1 E:
× × ×· × 0
· · ×
 7 7
T5, T6 R2
F:
× × ×· × ×
· · 0
 7 3(3σ)
T2, T3 R3
TABLE II. Textures for the effective neutrino mass matrix
Mν (third column) obtained with the seesaw formula given
in Eq. (3), and considering the textures T1-T6 for Y
ν (first
column) and R1-R3 for MR (second column). The check (3)
and cross (7) marks indicate whether the texture combination
is compatible or not with data.
straightforward to conclude that [29, 30]
NH :
m2
m3
= −U
∗
α3U
∗
β3
U∗α2U
∗
β2
, (13)
IH :
m1
m2
= −U
∗
α2U
∗
β2
U∗α1U
∗
β1
. (14)
Taking into account that neutrino masses mi are real
and positive, m22 = ∆m
2
21 (m
2
2 = ∆m
2
21 + |∆m231|) and
m23 = ∆m
2
31 (m
2
1 = |∆m231|) for NH (IH). Thus, we have
NH : rν =
∣∣∣∣∣U∗α3U∗β3U∗α2U∗β2
∣∣∣∣∣
2
, (15)
IH :
1
1 + rν
=
∣∣∣∣∣U∗α2U∗β2U∗α1U∗β1
∣∣∣∣∣
2
, rν ≡ ∆m
2
21
|∆m231|
. (16)
Given the parametrization in Eq. (6), and the
experimentally-allowed ranges for the mixing angles pre-
sented in Table I, one can test which textures lead to
viable values of rν using the above relations. From all
cases, the simplest one to be analyzed is texture A, for
which rν is simply given by
NH : rν =
t413
s412
' 0.005 , IH : rν = 1
t412
− 1 ' 3.5 . (17)
Mν CP-violating phases
B
cδ = 2
[s412(1 + rν)− c412]s223s213 + rνc223s212c212
[s212(1 + rν) + c
2
12] sin(2θ12) sin(2θ23)s13
cα =
(2 + rν)c
2
23s
2
12c
2
12 − [s412(1 + rν) + c412]s223s213
2
√
1 + rν(c223 + s
2
23s
2
13)s
2
12c
2
12
C
cδ = −2 [s
4
12(1 + rν)− c412]c223s213 + rνs223s212c212
[s212(1 + rν) + c
2
12] sin(2θ12) sin(2θ23)s13
cα =
(2 + rν)s
2
23s
2
12c
2
12 − [s412(1 + rν) + c412]c223s213
2
√
1 + rν(s223 + c
2
23s
2
13)s
2
12c
2
12
D
cδ = 2
(c212
√
1 + rν − s212)c223 + (s212
√
1 + rν − c212)s223s213
(
√
1 + rν + 1) sin(2θ12) sin(2θ23)s13
cα ' −3 + cos(4θ12)− 16s
2
13t
2
23
2 sin2(2θ12)
F
cδ = 2
(s212 − c212
√
1 + rν)s
2
23 + (c
2
12 − s212
√
1 + rν)c
2
23s
2
13
(
√
1 + rν + 1) sin(2θ12) sin(2θ23)s13
cα ' −3t
2
23 + t
2
23 cos(4θ12) + 16s
2
13
2t223 sin
2(2θ12)
TABLE III. Expressions for cos δ ≡ cδ and cosα ≡ cα for
textures B, C, D and F.
These numerical estimates, obtained using the best-fit
values given in Table I, indicate that texture A is disfa-
vored by data, independently of the value of δ.
By varying the mixing angles in their experimentally
1σ and 3σ allowed regions,2 we plot rν as a function of
δ in Figs. 1 and 2 for NH and IH, respectively, using
Eqs. (15) and (16) together with Eq. (6). In light (dark)
blue we show the rν regions obtained when all mixing
angles vary in their 3σ (1σ) experimental ranges. The
horizontal pink bands (red line) indicate the 3σ experi-
mental range (best-fit value) for rν . From these results,
we conclude that all textures with one zero in Mν are in-
compatible with neutrino data at more than 3σ level for
NH. In the context of the 2RHNSM with texture zeros
in Yν and MR, this means that all combinations shown
in Table II are excluded for that type of neutrino mass
spectrum. For IH (Fig. 2) and specific ranges of δ, one
obtains values for rν compatible with the data at 1σ for
textures B, C and D, and only at 3σ for texture F. There-
fore, all combinations of textures for Yν and MR leading
to textures B, C, D and F for Mν are viable. Notice that
only textures B and C predict rν values in its 1σ range,
for δ around its best-fit value.
Having identified the compatible textures, we now ob-
tain expressions for δ in terms of the mixing angles and
2 We will perform our analysis considering a diagonal charged-
lepton Yukawa matrix Y`diag. In the end of this section, we will
comment on how the results change when the remaining five Y`
textures with six zeros are considered.
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FIG. 1. Predictions for rν as a function of δ in the NH case, using the 3σ (light blue) and 1σ (dark blue) ranges given in
Table I for the mixing angles θij . The horizontal pink band (red line) denotes the 3σ range (best-fit value) for rν (see Eq. (16)),
obtained using the data of Table I.
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obtained using the data of Table I.
rν using Eq. (16). By imposing that the right-hand side
of Eq. (14) is real, we can obtain analytical expressions
for the Majorana phase α as a function of θij , rν and δ.
In Table III, we present the results for cδ ≡ cos δ and
cα ≡ cosα for textures B, C, D and F when the neutrino
mass spectrum is of IH type. It is worth mentioning that,
although of different nature, δ and α are not independent
phases in our case. This is due to the presence of zeros
in the effective neutrino mass matrix. Taking θij , ∆m
2
21
and ∆m231 in their 3σ (1σ) experimental ranges, we show
6in Fig. 3 the light (dark) blue allowed regions in the (α, δ)
parameter space for textures B, C, D and F of Mν . We
conclude that, for textures B and C, values of δ ' 3pi/2
close to the best-fit value are allowed (cf. Table I). For
such values of δ, α ' 1.9pi (0.08pi) is predicted for texture
B (C). In fact, for these textures
B : cδ ' rν sin(2θ12)
4s13t23
− s13t23
tan(2θ12)
, (18)
C : cδ ' −rνt23 sin(2θ12)
4s13
+
s13
t23 tan(2θ12)
, (19)
from which we see that |cδ|  1, implying δ ' ±pi/2.
Instead, for textures D and F
D : cδ ' 1
2s13t23 tan(2θ12)
, (20)
F : cδ ' − t23
2s13 tan(2θ12)
, (21)
one obtains |cδ| ∼ O(1) meaning that δ is far from ±pi/2.
Therefore, as anticipated above, only textures B and C
lead to δ values within the 1σ range of Table I. For tex-
tures D and F, the obtained values for δ are out of the
1σ range, but still within the 3σ one.
Presently, attempts to probe the Majorana nature of
neutrinos are mainly based on neutrinoless double beta
decay (0νββ) experiments. The observation of 0νββ de-
cay would also provide a measurement of the neutrino
mass scale, since the rate of this process is related to
the square of the neutrino mass. A relevant quantity for
0νββ decay is the effective mass mββ , which, for an IH
neutrino mass spectrum, is given by
mββ =
∣∣∣∣∣
3∑
i=1
miU
2
1i
∣∣∣∣∣
= c213|∆m231|1/2
∣∣∣c212 + (1 + rν)1/2 s212eiα∣∣∣ . (22)
Given that α is a function of θij , δ and rν , in Fig. 4,
we show the allowed regions in the (mββ , δ)-plane, tak-
ing into account the experimental ranges for the neutrino
parameters (the color codes are the same used in previous
figures). The results are presented for textures B, C, D
and F, where one can see that the value of mββ is around
50 meV (15 meV) for textures B and C (D and F). These
values are compatible with all constraints coming from
0νββ decay and cosmological experiments [31] for IH,
but lie out of the sensitivity range of leading experiments
like EXO-200 [32], KamLAND-Zen [33], GERDA [34]
and CUORE-0 [35]. Nevertheless, next-generation ex-
periments will be able to test the IH spectrum (for a
general discussion about future prospects and sensitivi-
ties of 0νββ decay experiments see e.g. Ref. [36]).
In the above analysis, we have studied the cases with
one texture zero in MR. Notice, however, that the
maximally-allowed number of zeros in this matrix is ac-
Yν MR M
ν Relation in
Mν
NH IH
T1, T4
R4
A1:
0 × ×· 0 ×
· · ×
 Mν33
2Mν23
=
Mν13
Mν12
7 7
T2, T5 A2:
0 × ×· × ×
· · 0
 Mν22
2Mν23
=
Mν12
Mν13
7 7
T3, T6 D1 :
× × ×· 0 ×
· · 0
 Mν11
2Mν12
=
Mν13
Mν23
7 7
TABLE IV. Textures for the effective neutrino mass matrix
Mν (third column) obtained with the seesaw formula given
in Eq. (3), and considering the textures for Yν (first column)
and MR (second column) presented in Eqs. (11) and (12).
tually two, leading to a single possible texture
R4 :
(
0 ×
· 0
)
, (23)
which is characterized by a spectrum with two degener-
ate RH neutrinos. Combining through the seesaw for-
mula (3) the matrix R4 with all Y
ν textures presented
in Eq. (11), one obtains the textures for Mν given in the
third column of Table IV. One can see that in all cases
Mν contains two zeros, which have been tested individ-
ually above.3 Moreover, additional relations among the
elements of Mν (see fourth column of Table IV) arise
due to the specific form of MR, which contains a single
parameter. For NH, all cases with R4 are excluded, since
all textures with one zero in Mν were already shown to
be incompatible with data (see Table II). For IH, com-
binations leading to textures A1 and A2 for M
ν are ex-
cluded due to the condition Mν11 = 0 (see Table II).
As for texture D1, although the conditions M
ν
22 = 0 and
Mν33 = 0 are individually compatible with the data at
3σ, they cannot be simultaneously verified, as one can
see in Fig. 2, comparing the results for textures D and
F. Indeed, from these plots one concludes that there is
no overlap between the regions allowed by the data for
the same values of δ. This seems to contradict previ-
ous results obtained in the literature which state that
textures with Mν22 = M
ν
33 = 0 are compatible with the
data (see e.g. Ref [8]). Notice, however, that the results
in those references were obtained for a general neutrino
spectrum with m1,2,3 6= 0. One can understand why tex-
ture D1 in our case (m3 = 0) is not valid by inspecting
the relations between neutrino masses and U when the
3 Analyses of Mν with two texture zeros have been presented in
Refs. [8, 37–44] for the general case m1,2,3 6= 0.
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FIG. 3. Predictions for the low-energy phases δ and α for
textures B, C, D and F, using the 3σ (light blue) and 1σ
(dark blue) ranges given in Table I for the mixing angles and
neutrino mass-squared differences. The black dot corresponds
to the predictions obtained with the best-fit values of θij ,
∆m221 and |∆m231|.
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FIG. 4. Predictions for δ and mββ for textures B, C, D and
F, using the 3σ (light blue) and 1σ (dark blue) ranges given
in Table I for the mixing angles and neutrino mass-squared
differences. The black dot corresponds to the predictions ob-
tained with the best-fit values of θij , ∆m
2
21 and |∆m231|.
8conditions Mν22 = M
ν
33 = 0 are imposed, namely [39],
m3
m1
=
∣∣∣∣U222U231 −U221U232U223U232 −U222U233
∣∣∣∣ , (24)
m3
m2
=
∣∣∣∣U222U231 −U221U232U221U233 −U223U231
∣∣∣∣ . (25)
Therefore, if m3 = 0 the condition∣∣U222U231 −U221U232∣∣ = 0 (26)
must be verified for texture D1. The above relation can
be approximately written as
cδ ' 2 cos(2θ12) cos(2θ23)±
√
2
√
cos(4θ12) + cos(4θ23)
4 sin(2θ12) sin(2θ23)s13
,
(27)
which, taking into account the current mixing angle data,
always leads to a complex cδ.
In conclusion, we have analyzed all possible textures
with six zeros in Y`, two zeros in Yν , and one or two
zeros in MR. The compatibility of all textures is sum-
marized in the last two columns of Tables II and IV, for
NH and IH. We remark that no restriction has been im-
posed in the non-zero elements of those matrices.
The results presented above are valid in the basis where
Y` = diag(ye, yµ, yτ ) ≡ Y`diag so that the charged lep-
ton mass matrix is M` = diag(me,mµ,mτ ). One may
wonder whether these conclusions hold for any other Y`
with six zeros and only three nonzero elements. First, it
is straightforward to see that any two nonzero elements
in the same line/column lead to a massless charged lep-
ton. This leaves us with six viable textures for Y` with
six zeros, which can be obtained from Y`diag by applying
permutations of lines and/or columns:
L1 :
× 0 00 × 0
0 0 ×
 , L2 :
0 × 0× 0 0
0 0 ×
 , L3 :
0 0 ×0 × 0
× 0 0
 ,
L4 :
× 0 00 0 ×
0 × 0
 , L5 :
0 0 ×× 0 0
0 × 0
 , L6 :
0 × 00 0 ×
× 0 0
 .
(28)
Obviously, if only column permutations (rotation of RH
charged-lepton fields) are performed, then the results for
a specific set of Yν and MR textures remain unchanged.
However, if a permutation of the lines i and j in Y`
is involved (rotation of LH charged-lepton fields by the
permutation matrix Pij), then the same line permuta-
tion has to be performed in Yν . At the effective level,
this corresponds to permuting the lines and columns i
and j in the effective neutrino mass matrix Mν . Under
these rotations, textures T1-T6 of Y
ν and, consequently,
A-F of Mν , are transformed among themselves. Thus,
even if a given texture pair (Yν ,MR) is not compatible
Texture P12 P13 P23
A 7 D 3(1σ) F 3(3σ) A 7
B 3(1σ) B 3(1σ) E 7 C 3(1σ)
C 3(1σ) E 7 C 3(1σ) B 3(1σ)
D 3(1σ) A 7 D 3(1σ) F 3(3σ)
E 7 C 3(1σ) B 3(1σ) E 7
F 3(3σ) F 3(3σ) A 7 D 3(1σ)
TABLE V. Transformation properties of Mν (textures A-F)
under Pij , which corresponds to permutations of the charged-
lepton flavors i and j. The compatibility of each texture with
data is also indicated considering the results shown in Table II
for the case Y` = Y`diag.
with data in the Y`diag basis, this may not be the case in
another Y` basis obtained from a line permutation Pij .
To check the viability of a given set of textures
(Y`,Yν ,MR;M
ν) = (Li,Ti,Ri; A-F) one has to iden-
tify the permutation Pij which brings Li to Y
`
diag, and
find the transformed Mν texture. For instance, consider
the case (Y`diag,T3,R1; E), shown in Table II to be in-
compatible with data. Under P13, Y
`
diag is transformed
into L3, while texture E becomes texture B, which is
compatible with data at 1σ. Therefore, although the set
(Y`diag,T3,R1; E) is not viable, the set (L3,T3,R1; E) is,
since it corresponds to (Y`diag,T4,R1; B) under P13. In
Table V we summarize the transformation properties of
each Mν texture under line permutations Pij , identify-
ing in each case the compatibility with data taking into
account the results obtained for Y`diag given in Table II.
Notice that when MR is of type R4, the results pre-
sented in Table IV are valid for any Y` texture of type
Li. This is due to the fact that, under any permutation of
lines and/or columns in Y`, textures A1,2 and D1 (which
are all excluded by data) transform among themselves.
A. Imposing relations among the elements of Yν
We now intend to further restrict the two texture zero
patterns analyzed above by imposing equality relations
among the elements of Yν . The first obvious choice
would be to consider all elements in Yν to be equal.
However, one can show that the eigenvector associated
to m3 = 0 is always v3 = (∓1,−1, 1)/
√
3, leading to
s13 = ±1/
√
3, which is excluded by the data. Thus, we
move to the analysis of textures with two zeros in Yν
and three equal elements. Each case will be denoted by
the labels of Yν , MR and corresponding M
ν (see first
column of Table VI), and indexes of the Yν equal ele-
ments (see second column of Table VI). For instance, the
cases with Yν21 = Y
ν
31 = Y
ν
12 are denoted by (21, 31, 12).
Due to the highly constrained form of the involved ma-
trices, extra relations among the elements of Mν arise.
These are shown in the third column of Table VI for
9all possible combinations. Compatibility with neutrino
data is determined by checking whether those relations
are verified taking the allowed ranges for the neutrino
parameters given in Table I. Also notice that the heavy
Majorana neutrino masses and the elements of Mν are
related. In particular, defining the ratio
rN =
M2
M1
, (29)
where M2,1 are the eigenvalues of MR, we obtain the
relations shown in the fourth column of Table VI. Our
analysis shows that only eight combinations are compat-
ible with neutrino data at the 3σ level (see fifth and sixth
columns of Table VI). The low-energy predictions for
the neutrino parameters correspond to the case in which
the data is best fitted. It is possible to show analyti-
cally that, for all compatible sets of matrices, θ23 = pi/4,
which is confirmed by the numerical result. It is worth
mentioning that any texture combination obtained from
those presented in Table VI by permuting the columns
of Yν will remain valid. For instance, the first case
shown in Table VI becomes (T4,R1,B) with equal ele-
ments (11,22,32), leading to the same predictions. There-
fore, there are actually sixteen different cases compatible
with the data. As mentioned above, the equality among
elements of Yν fixes the value of rN , which is indicated
in the last column of Table VI. From inspection of the
same table, one can also conclude that none of the tex-
ture configurations is compatible with the data at 1σ.
As in the analysis presented in the previous section,
the results obtained with equal Yν elements correspond
to Y` = Y`diag. For a different Y
` texture related to
Y`diag by permutations of lines (and columns), the Y
ν
textures transform among themselves, and the equal ele-
ments of Yν change position. Thus, combinations which
are incompatible with data (see Table VI) in the charged-
lepton mass basis may become compatible for a non-
diagonal Y`, related to Y`diag by permutation of lines.
In Table VII we summarize the transformation proper-
ties of each combination (Ti,Ri,A-F) with equal Y
ν el-
ements under line permutations Pij (and up to possible
column permutation). In each case, we identify the com-
patibility with data taking into account the results given
in Table VI for Y` = Y`diag.
IV. LEPTOGENESIS IN THE 2RHNSM WITH
TEXTURE ZEROS
In the previous sections, several mass matrix patterns
were found to be compatible with current neutrino oscil-
lation data at 1σ and 3σ C.L., in the framework of the
minimal type-I seesaw model with maximally restricted
texture zeros. Here, we further analyze these patterns
requiring their compatibility with successful leptogene-
sis [2]. We recall that the baryon asymmetry of the Uni-
verse is parametrized through the baryon-to-photon ratio
ηB ≡ nB − nB¯
nγ
, (30)
where nB , nB¯ and nγ are the number densities of
baryons, anti-baryons and photons, respectively. From
cosmic microwave background (CMB) measurements
provided by the Planck collaboration [45], the present
value of ηB is
η0B = (6.11± 0.04)× 10−10 . (31)
In a minimal type-I seesaw context with two right-
handed neutrinos, the leptogenesis mechanism may pro-
ceed via the out-of-equilibrium decays of the heavy neu-
trinos N1 and N2 in the early Universe. The generated
lepton asymmetry in such decays is partially converted
into a baryon asymmetry by (B+L)-violating sphaleron
processes, leading to [46]
ηB = asph
NB−L
N recγ
' 9.58× 10−3NB−L , (32)
where asph ≡ B/(B−L) = 28/79 is the conversion factor,
NB−L is the final asymmetry calculated in a comoving
volume, and N recγ is the number of photons in the same
volume (N recγ ' 37.01) at the recombination tempera-
ture.
A. Flavored and unflavored CP asymmetries
An important ingredient in the generation of the BAU
is the CP asymmetry produced in the decays of the heavy
neutrinos into the lepton flavors α = e, µ, τ . Working
in the mass eigenbasis of the heavy neutrinos Ni and
the charged leptons `α, the CP asymmetries 
α
i may be
computed as [47]
αi =
Γ(Ni → Φ`α)− Γ(Ni → Φ† ¯`α)∑
β [Γ(Ni → Φ`β) + Γ(Ni → Φ† ¯`β)]
, (33)
where Γ(Ni → Φ`α) ≡ Γαi and Γ(Ni → Φ† ¯`α) ≡ Γ
α
i are
the Ni decay rates into leptons and antileptons, respec-
tively. At tree level,
Γαi = Γ
α
i = Mi
|Yναi|2
16pi
, (34)
with the sum in the denominator of (33) running over the
three lepton flavors. The leading non-zero contributions
to the asymmetry αi arise from interference of the tree-
level process with its one-loop corrections. For the two
RH neutrino case, the result is [9]
αi =
1
8pi
1
Hνii
{Im[Yν∗αiHνijYναj ][f(xj) + g(xj)]+
Im[Yν∗αiH
ν
jiY
ν
αj ]g
′(xj)}, (35)
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(Yν , MR, M
ν)
Equal
elements
in Yν
Relations in Mν rN ≡M2/M1 IH
Low energy predictions
(θ12, θ23, θ13)
◦
(∆m231,∆m
2
21) × 10−3eV2
(δ, α)◦ , mββ (meV)
rN
(T1,R1,B)
(21, 31, 12) Mν22 = M
ν
23 rN =
∣∣∣∣Mν22Mν11
∣∣∣∣
3(3σ)
(34.5, 45.0, 8.41)
(2.49, 7.56× 10−2)
(269.7, 342.2) , 47.8
1.91
(21, 31, 32)
Mν11(M
ν
33 −Mν22)
(Mν13)
2
= 1 rN =
∣∣∣∣Mν11Mν22(Mν13)2
∣∣∣∣ 12.00
(21, 12, 32) Mν11 = M
ν
13 rN =
∣∣∣∣Mν22Mν11
∣∣∣∣
7 −
−
(31, 12, 32)
Mν22(M
ν
33 −Mν11)
(Mν23)
2
= 1 rN =
∣∣∣∣ (Mν23)2Mν11Mν22
∣∣∣∣ −
(T2,R1,C)
(21, 31, 12) Mν23 = M
ν
33, rN =
∣∣∣∣Mν33Mν11
∣∣∣∣
3(3σ)
(34.5, 45.0, 8.40)
(2.49, 7.56× 10−2)
(270.3, 17.8) , 47.8
1.91
(21, 31, 22)
Mν11(M
ν
22 −Mν33)
(Mν12)
2
= 1 rN =
∣∣∣∣Mν11Mν33(Mν12)2
∣∣∣∣ 12.00
(21, 12, 22) Mν11 = M
ν
12, rN =
∣∣∣∣ (Mν23)2Mν11Mν33
∣∣∣∣
7 −
−
(31, 12, 22)
Mν33(M
ν
22 −Mν11)
(Mν23)
2
= 1 rN =
∣∣∣∣Mν33Mν11
∣∣∣∣ −
(T3,R2,D)
(11, 31, 12)
Mν12 = M
ν
23
rN − 1
rN −√rN − 1 =
∣∣∣∣Mν33Mν13
∣∣∣∣
7 −
−
(11, 31, 22)
√
rN
rN − 1 =
∣∣∣∣Mν23Mν33
∣∣∣∣ −
(11, 12, 22)
Mν33(M
ν
11 − 2Mν12)
(Mν13 −Mν23)2
= 1
√
rN
rN − 1 =
∣∣∣∣ (Mν23)2Mν12Mν33
∣∣∣∣
7 −
−
(31, 12, 22)
√
rN
rN − 1 =
∣∣∣∣Mν23Mν33
∣∣∣∣ −
(T6,R2,F)
(11, 21, 12)
Mν13 = M
ν
23
rN − 1
rN −√rN − 1 =
∣∣∣∣Mν22Mν12
∣∣∣∣
7 −
−
(11, 21, 32)
√
rN
rN − 1 =
∣∣∣∣Mν23Mν22
∣∣∣∣ −
(11, 12, 32)
Mν22(M
ν
11 − 2Mν13)
(Mν12 −Mν23)2
= 1
√
rN
rN − 1 =
∣∣∣∣ (Mν23)2Mν13Mν22
∣∣∣∣
7 −
−
(21, 12, 32)
√
rN
rN − 1 =
∣∣∣∣Mν23Mν22
∣∣∣∣ −
(T1,R3,D)
(21, 31, 12)
Mν11(M
ν
33 − 2Mν23)
(Mν13 −Mν12)2
= 1
√
rN
rN − 1 =
∣∣∣∣Mν12Mν11
∣∣∣∣
3(3σ)
(37.1, 45.0, 8.46)
(2.49, 7.56× 10−2)
(347.1, 172.7) , 13.2
1.46
(21, 31, 32)
√
rN
rN − 1 =
∣∣∣∣ (Mν12)2Mν11Mν23
∣∣∣∣ 1.08
(21, 12, 32)
Mν12 = M
ν
23
√
rN
rN − 1 =
∣∣∣∣Mν12Mν11
∣∣∣∣
7 −
−
(31, 12, 32)
rN − 1
rN −√rN − 1 =
∣∣∣∣Mν11Mν13
∣∣∣∣ −
(T2,R3,F)
(21, 31, 12)
Mν11(M
ν
22 − 2Mν23)
(Mν13 −Mν12)2
= 1
√
rN
rN − 1 =
∣∣∣∣Mν13Mν11
∣∣∣∣
3(3σ)
(36.9, 45.0, 8.46)
(2.49, 7.56× 10−2)
(188.5, 184.8) , 13.2
1.46
(21, 31, 22)
√
rN
rN − 1 =
∣∣∣∣ (Mν13)2Mν11Mν23
∣∣∣∣ 1.08
(21, 12, 22)
Mν13 = M
ν
23
rN − 1
rN −√rN − 1 =
∣∣∣∣Mν11Mν12
∣∣∣∣
7 −
−
(31, 12, 22)
√
rN
rN − 1 =
∣∣∣∣Mν13Mν11
∣∣∣∣ −
TABLE VI. Parameter relations (third and forth column) and low-energy predictions (sixth column) for each set of textures
(Yν , MR, M
ν) with three equal elements in Yν (second column). The predicted values for the heavy neutrino mass ratio rN
are also shown (last column). The results correspond to the case Y` = Y`diag.
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Texture P12 P13 P23
(T1,R1,B) (T1,R1,B) (T6,R1,E) (T2,R1,C)
(21,31,12) 3 (21,12,32) 7
− 7
(21,31,12) 3
(21,31,32) 3 (31,12,32) 7 (21,31,22) 3
(21,12,32) 7 (21,31,12) 3 (31,12,22) 7
(31,12,32) 7 (21,31,32) 3 (21,12,22) 7
(T2,R1,C) (T3,R1,E) (T2,R1,C) (T1,R1,B)
(21,31,12) 3
− 7
(31,12,22) 7 (21,31,12) 3
(21,31,22) 3 (21,12,22) 7 (21,31,32) 3
(21,12,22) 7 (21,31,22) 3 (31,12,32) 7
(31,12,22) 7 (21,31,12) 3 (21,12,32) 7
(T3,R2,D) (T2,R2,A) (T1,R3,D) (T6,R2,F)
(11,31,12) 7
− 7
(31,12,32) 7 (11,21,12) 7
(11,31,22) 7 (21,12,32) 7 (11,21,32) 7
(11,12,22) 7 (21,31,32) 3 (11,12,32) 7
(31,12,22) 7 (21,31,12) 3 (21,12,32) 7
(T6,R2,F) (T2,R3,F) (T1,R2,A) (T3,R2,D)
(11,21,12) 7 (21,12,22) 7
− 7
(11,31,12) 7
(11,21,32) 7 (31,12,22) 7 (11,31,22) 7
(11,12,32) 7 (21,31,22) 3 (11,12,22) 7
(21,12,32) 7 (21,31,12) 3 (31,12,22) 7
(T1,R3,D) (T4,R3,A) (T3,R2,D) (T2,R3,F)
(21,31,12) 3
− 7
(31,12,22) 7 (21,31,12) 3
(21,31,32) 3 (11,12,22) 7 (21,31,22) 3
(21,12,32) 7 (11,31,22) 7 (31,12,22) 7
(31,12,32) 7 (11,31,12) 7 (21,12,22) 7
(T2,R3,F) (T6,R2,F) (T5,R3,A) (T1,R3,D)
(21,31,12) 3 (21,12,32) 7
− 7
(21,31,12) 3
(21,31,22) 3 (11,12,32) 7 (21,31,32) 3
(21,12,22) 7 (11,21,12) 7 (31,12,32) 7
(31,12,22) 7 (11,21,32) 7 (21,12,32) 7
TABLE VII. Transformation properties under the permuta-
tion matrix Pij (permutations of the charged-lepton flavors
i and j) for the texture combination (Yν , MR, M
ν) with
three equal elements in Yν . The compatibility of each tex-
ture with data is also indicated considering the results shown
in Table VI for Y` = Y`diag. The check marks (3) indicate
compatibility with data at 3σ.
where j 6= i = 1, 2, xj = M2j /M2i and Hν = Yν†Yν .
The loop functions f(x), g(x) and g′(x) correspond to
the one-loop vertex and self-energy corrections, given by
f(x) =
√
x
[
1− (1− x) ln
(
1 +
1
x
)]
, (36)
g(x) =
√
xg′(x) = −
√
x
(x− 1) . (37)
Summing over the lepton flavors in Eq. (35), the unfla-
vored CP asymmetry is recovered,
i =
1
8pi
1
Hνii
Im[(Hνij)
2][f(xj) + g(xj)]. (38)
In our study, two temperature regimes will be of in-
terest [18, 48–50]. For temperatures above 1012 GeV in
the early Universe, the charged-lepton Yukawa interac-
tions are out of equilibrium. Hence, for this temper-
ature range, the three lepton flavors are indistinguish-
able (unflavored regime), and the lepton asymmetry may
be represented rigorously by a single flavor eigenstate.
In this case, the relevant CP asymmetry for leptogen-
esis is given by Eq. (38). In the temperature interval
109 . T . 1012 GeV, the τ Yukawa interactions enter
thermal equilibrium and processes involving leptons are
able to distinguish between two different flavors: the τ
and a coherent superposition of e and µ (two-flavored
regime). The corresponding CP asymmetries, τi and
γi ≡ ei + µi , are then obtained from Eq. (35).
The CP asymmetries given in Eq. (35) depend on the
Yukawa coupling matrix Yν , which can be written in
terms of the Casas-Ibarra parametrization presented in
Eq. (9). This allows to rewrite the asymmetry in a more
convenient form for leptogenesis analysis,
αi = −
1
8piv2
Mj∑
kmk|Rki|2
∑
k,k′
√
mkmk′{√mk′ Im[U∗αkUαk′RkiRk′i][f(xj) + g(xj)]
+
∑
k′′
√
mk′′ Im[U
∗
αkUαk′′RkiR
∗
k′iRk′jR
∗
k′′j ]g
′(xj)} , (39)
where the orthogonal matrix R is parametrized by a sin- gle complex parameter z, as shown in Eq. (10). For an
12
inverted hierarchical neutrino mass spectrum,4 the fla-
vored asymmetries generated by N1 and N2 decays are
written in terms of z as
α1 =−
M2
8piv2
Aα1 [f(x2) + g(x2)] +B
α
1 g
′(x2)
m1|cz|2 +m2|sz|2 , (40)
α2 =−
M1
8piv2
Aα2 [f(x1) + g(x1)] +B
α
2 g
′(x1)
m1|sz|2 +m2|cz|2 , (41)
where cz ≡ cos z, sz ≡ sin z and
Aα1 =(m
2
2|Uα2|2 −m21|Uα1|2) Im[s2z] + ξ
√
m1m2
{(m2 −m1)Im[U∗α1Uα2]Re[czsz]+
+ (m2 +m1)Re[U
∗
α1Uα2]Im[czsz]} , (42)
Bα1 =m1m2 (|Uα2|2 − |Uα1|2) Im[c2z (s2z)∗] + ξ
√
m1m2
{( |cz|2 + |sz|2 )(m2 −m1)Im[U∗α1Uα2]Re[cz s∗z]+
+ ( |cz|2 − |sz|2 )(m2 +m1)Re[U∗α1Uα2]Im[cz s∗z]}.
(43)
The factors Aα2 and B
α
2 are obtained replacing sz → cz,
cz → sz and ξ → −ξ in Eqs. (42) and (43), respectively.
These factors have the following properties∑
α
Aα1 = ∆m
2
21Im[s
2
z],
∑
α
Aα2 = ∆m
2
21Im[c
2
z] ,∑
α
Bαi = 0 . (44)
Using these relations, the unflavored CP asymme-
tries (38) are easily obtained,
1 = − M2
8piv2
∆m221Im[s
2
z]
m1 |cz|2 +m2 |sz|2 [f(x2) + g(x2)] , (45)
2 = − M1
8piv2
∆m221Im[c
2
z]
m1 |sz|2 +m2 |cz|2 [f(x1) + g(x1)] . (46)
The presence of a texture zero in Yν allows for the
determination of z in terms of low-energy parameters and
M1,2, as one may see from Eq. (9). For instance, in the
basis where the charged-lepton and RH neutrino mass
matrices are diagonal, the condition Yν11 = 0 implies, for
IH,
√
m1U
∗
11cz + ξ
√
m2U
∗
12sz = 0 , (47)
leading to
tan z = −ξ
√
m1
m2
U∗11
U∗12
. (48)
4 Hereafter, we consider only the IH case since, as shown in Sec-
tion III, this is the only type of spectrum compatible with low-
energy neutrino data.
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FIG. 5. Flavored CP asymmetries |γ1,2| and |τ1,2| as func-
tions of the low-energy CP-violating phases α and δ, for the
texture-zero case Yν11 = 0 and R1. The gray-scale contour
regions show the maximum values of |αi |, taking θij , ∆m221
and |∆m231| in the 3σ experimental range (see Table I) and
for 109 . M1,2 . 1012 GeV with M2 & 3M1. The colored
contour lines are the results obtained for the minimum value
of χ2. In the plot, the triangles and squares correspond to
the (α,δ) pairs fixed by the conditions Yν11 = Y
ν
22 = 0 and
Yν11 = Y
ν
32 = 0, respectively (cf. textures B and C in Ta-
ble II).
In Table VIII, we present the expressions for tan z ac-
cording to the position of the texture zero in Yν and
considering the matrix forms R1,2,3 for MR. From this
table it is straightforward to see that requiring the pres-
ence of two simultaneous zeros in Yν leads to relations
among the mixing angles, neutrino masses and the low-
energy phases, as expected from Eq. (14). Replacing in
Eqs. (40) and (41) the expressions for tan z given in Ta-
ble VIII, and using the low-energy relations of Table III,
we obtain predictions for the flavored CP asymmetries τi
and γi , for each of the valid texture-zero cases identified
in the Section III.
It turns out that, even if one considers a single texture
zero in Yν , the CP asymmetries are highly suppressed
in the flavored regime. As illustration, in Fig. 5 we show
the asymmetries |γi | and |τi |, i = 1, 2, for the case R1
and Yν11 = 0 on the plane (α,δ) of the low-energy CP-
violating phases. The maximum value for the CP asym-
metries (gray scale) is presented for the 3σ range of the
mixing angles and the neutrino mass-squared differences.
Notice that we have imposed M2 & 3M1 to ensure a non-
resonant regime, and 109 .M1,2 . 1012 GeV since µ and
e interactions are in equilibrium. In the same plot, the
|αi | values calculated for the minimum of χ2 (varying
the mixing angles and mass-squared differences) are pre-
sented as colored lines. The points marked by triangles
and squares correspond to (α,δ) fixed by the two-zero
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MR tan z for Y
ν
α1 = 0 tan z for Y
ν
α2 = 0
R1 −ξ
√
m1
m2
U∗α1
U∗α2
ξ
√
m2
m1
U∗α2
U∗α1
R2 i
−i√m1M1U∗α1 + ξ√m2M2U∗α2√
m1M2U∗α1 + i ξ
√
m2M1U∗α2
R3
i
√
m1M1U
∗
α1 + ξ
√
m2M2U
∗
α2√
m1M2U∗α1 − i ξ
√
m2M1U∗α2
i
TABLE VIII. Expressions for tan z as a function of the low-energy parameters and the heavy-neutrino masses M1 and M2, for
each texture in the IH case.
conditions Yν11 = Y
ν
22 = 0 and Y
ν
11 = Y
ν
32 = 0, respec-
tively, i.e. textures B and C for Mν (see Table II). We
may also see that for the whole δ and α ranges, the ob-
tained CP asymmetries are highly suppressed being the
maximum values below 10−6. Moreover, |αi | . 10−7 for
(α,δ) fixed by textures B and C. Thus, for the case with
Yν11 = 0 and R1, the CP asymmetries are too small to
ensure efficient leptogenesis. One can show that all other
combinations of textures with zeros in Yν and MR al-
lowed by neutrino data yield similar results.
We conclude that thermal leptogenesis in the flavored
regime with 109 . T . 1012 GeV cannot success-
fully reproduce the observed baryon asymmetry given in
Eq. (31). This conclusion will be corroborated in the next
section when the final baryon asymmetry is computed.
Let us consider now the unflavored regime. In this
case, the CP asymmetries (38) are enhanced. For each of
the valid two-zero textures, the CP asymmetries 1 and
2 given in Eqs. (45) and (46) are computed using the
expressions of Tables VIII and III. In Fig. 6, we present
|1| (blue contour regions) and |2| (gray-scale contour
lines) in the (rN ,M1) plane, for the low-energy neutrino
parameters that best fit the 2RHNSM with Yν and MR
textures (T,R). We only show the results for the six com-
binations (T1,5,R1), (T3,4,R2), and (T1,6,R3), that lead
to ηB > 0. From the same plot we see that the maximum
values for |i| can now reach 10−4, which is two orders
of magnitude higher than the ones in the flavored regime
(cf. Fig 5). Furthermore, as the ratio rN increases, the
CP asymmetry |2| gets slightly suppressed with respect
to |1|.
B. Baryon asymmetry production
In the calculation of the final lepton asymmetry we will
consider the contributions of both N1 and N2. In the
flavored and unflavored regimes, the leptonic CP asym-
metries generated in the Ni decays are most likely to be
washed out by the out-of-equilibrium inverse decays and
scattering processes in which the heavy neutrinos partic-
ipate. In general, a measure of the washout strength is
given by the so-called decay parameter Ki, which for a
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FIG. 6. Unflavored CP asymmetries |i|, i = 1, 2 on the
plane (rN , M1), rN = M2/M1, for the low-energy neutrino
parameters that best fit the texture pairs (T,R). The blue
contour regions (gray-scale contour lines) show |1| (|2|).
lepton flavor channel α reads
Kαi =
m˜αi
m∗
, (49)
where m˜αi is the flavored effective neutrino mass,
m˜αi =
v2|Yναi|2
Mi
, (50)
and m∗ ' 1.09 × 10−3 eV is the equilibrium neutrino
mass. Summing over flavors in Eq. (49), one obtains the
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total decay parameter,
Ki =
∑
α
Kαi =
m˜i
m∗
, (51)
with
m˜i =
∑
α
m˜αi =
v2Hνii
Mi
. (52)
The relation between m˜i and m∗ gives a measure of ther-
mal equilibrium for the decays, namely, if m˜i  m∗
(m˜i  m∗) the asymmetry is strongly (weakly) washed
out by inverse decays.
The fraction of surviving lepton asymmetry can be ex-
pressed in terms of efficiency factors κ ∈ [0, 1], which are
obtained by solving the relevant Boltzmann equations.
In our study, we will use instead the simple and accurate
analytical approximations for καi (K
α
i ) and κi(Ki) from
Refs. [46] and [3], respectively. The imposed hierarchy
M2 & 3M1 implies NN1(T ∼ M2) ' NN2(T ∼ M1) ' 0,
so that the computation of the final asymmetry may be
split into the N1 and N2 leptogenesis phases. Further-
more, we consider a strong-coupling N1 scenario, where
part of the lepton asymmetry generated by N2 decays
is projected onto a flavor-direction protected against the
washout from N1 interactions [46].
The final (B −L)-asymmetry for the flavored temper-
ature regime can be written as [46]
NB−L = N∆γ1 +N∆γ⊥1
+N∆τ , (53)
where the ∆α ≡ B/3−Lα number densities in each flavor
state read
N∆γ1 ' −Pγ2γ1 
γ
2 κ
γ
2 e
− 3pi8 Kγ1 − γ1 κγ1 , (54)
N∆τ ' −τ2 κτ2 e−
3pi
8 K
τ
1 − τ1 κτ1 , (55)
N∆
γ⊥1
' − (1− Pγ2γ1) γ2 κγ2 , (56)
in which γ1 and γ
⊥
1 are the parallel and orthogonal fla-
vor components to the interaction channels of N1, respec-
tively. Here, καi are the efficiency factors defined in [46],
and Pγ2γ1 is the probability of flavor γ2, generated in the
N2 decay, to be transformed into γ1 under the N1 decay
process,
Pγ2γ1 =
|∑αYν∗α1Yνα2|2
(
∑
α |Yνα1|2) (
∑
α |Yνα2|2)
, (57)
where α = e, µ.
In the unflavored regime, the lepton flavors are in-
distinguishable in the primordial plasma and the final
(B − L)-asymmetry reads [51]
NB−L ' −1κ1 −
(
1− P21 + P21e−
3piK1
8
)
2κ2 , (58)
with κi being defined in [3]. Here, P21 is the probability of
the lepton asymmetry produced in N2 leptogenesis being
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FIG. 7. Baryon-to-photon ratio ηB as a function of the low-
energy CP-violating phases α and δ in the flavored regime,
for the texture-zero case Yν11 = 0 and R1. The gray-scale
contour regions show the maximum value of ηB , taking θij ,
∆m221 and |∆m231| in the 3σ experimental range (see Table I)
and for 109 .M1,2 . 1012 GeV with M2 & 3M1. The colored
contour lines are the results obtained for the minimum value
of χ2. In the plot, the triangles and squares correspond to the
(α,δ) pairs fixed by the conditions Yν11 = Y
ν
22 = 0 and Y
ν
11 =
Yν32 = 0, respectively (cf. textures B and C in Table II).
projected onto the flavor direction of the asymmetry due
to N1 interactions,
P21 =
|Hν12|2
Hν11H
ν
22
. (59)
After computing the densities NB−L, for both flavored
and unflavored regimes, using Eqs. (53) and (58), the
final baryon-to-photon ratio ηB is obtained from Eq. (32).
In Fig. 7, we present ηB computed for the illustra-
tive case of Yν11 = 0 with R1, for which the flavored CP
asymmetries were already analyzed in Section IV A. In
that figure, the gray-scale contour regions correspond to
the maximum of ηB in the 3σ experimental range of the
mixing angles and the neutrino mass-squared differences,
taking 109 . M1,2 . 1012 GeV. As expected from the
small values of |αi | (see Fig. 5), the final baryon asymme-
try is suppressed in the whole allowed parameter region.
Indeed, the final ηB lies between one to two orders of
magnitude below the observed value η0B . Moreover, for
the Mν textures B and C, marked in the figure by a tri-
angle and a square, respectively, ηB . 10−12 is verified.
For all the other combinations of textures T and R that
are compatible with neutrino oscillation data, similar re-
sults were obtained for the flavored regime, corroborating
the fact that thermal leptogenesis in the two-flavor case
is not viable.
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FIG. 8. The baryon-to-photon ratio ηB on the plane (rN ,
M1), rN = M2/M1, for the unflavored regime and taking the
low-energy neutrino parameters that best fit the texture pairs
(T,R). The gray-scale contour regions represent the final value
of ηB , while the red contour line corresponds to the observed
value η0B given in Eq. (31).
For the unflavored regime, sufficiently large (and posi-
tive) values for ηB are obtained for six of the twelve pairs
(T,R) of textures compatible with neutrino data (see Ta-
ble II). This is shown in Fig. 8, where we present the
predicted ηB (gray-scale contour regions) as a function
of M1 and the mass ratio rN , considering the low-energy
neutrino data that best fit the six textures. In fact, for all
these cases, the observed baryon-to-photon ratio η0B (red
contour line in Fig. 8) is achieved for M1 ∼ 1014 GeV,
being κi ∼ O(10−3) (strong washout regime). Hence,
one concludes that the texture combinations (T1,5,R1),
(T3,4,R2), and (T1,6,R3) lead to successful thermal lep-
togenesis in the unflavored regime.
One may wonder whether the above conclusion re-
mains valid, if one considers the more restricted cases dis-
cussed in Section III A, in which three elements of Yν are
equal. We will only consider the cases that were proved
to be compatible with neutrino data and, additionally,
verify the condition rN & 3, for which our leptogenesis
assumptions hold. From Table VI and Fig. 8, one can see
that only the cases (T1,R1,B) withY
ν
21 = Y
ν
31 = Y
ν
32 and
(T5,R1,C) with Y
ν
21 = Y
ν
22 = Y
ν
32 meet those require-
ments (rN ∼ 12) and, simultaneously, yield ηB > 0. In
Fig. 9, we present the ηB region allowed by the 3σ exper-
imental interval for the low-energy neutrino parameters
(blue region) as a function of the mass M1. Here we also
show the results obtained when the contribution of the
second neutrino N2 is not taken into account for leptoge-
nesis (gray region). One concludes that for temperatures
below 1014 GeV the effect of the second neutrino N2 is
negligible, while for higher temperatures the N2 contri-
bution tends to lower ηB . The value of η
0
B (red horizontal
line) is achieved for masses M1 ∼ 1014 GeV.
V. CONCLUSIONS
In this paper, we have revisited the 2RHNSM consid-
ering maximally restricted texture-zero patterns for the
lepton Yukawa and mass matrices. Our results are sum-
marized in Table II. We conclude that textures B, C and
D for the effective neutrino mass matrix Mν are com-
patible with current neutrino data (mixing angles and
mass-squared differences) at 1σ, while texture F is com-
patible at 3σ. In all cases, only an inverted hierarchical
neutrino mass spectrum is allowed. A remarkable predic-
tion of textures B and C is that one of the viable solutions
for the low-energy CP-violating Dirac phase is δ ∼ 3pi/2,
which is very close to the best-fit value obtained from the
combined fit of neutrino oscillation data.
Aiming at reducing the number of free parameters in
the model, we have also explored scenarios in which ad-
ditional relations (equality) among the Dirac neutrino
Yukawa couplings are imposed. The cases with the max-
imum number of equal elements in Yν which are com-
patible with neutrino data are presented in Table VI. As
can be seen from the table, compatibility is only verified
at the 3σ confidence level.
For the phenomenologically viable textures, we have
studied their implications for the BAU in the frame-
work of type-I seesaw thermal leptogenesis. We paid
special attention to the treatment of leptogenesis in the
2RHNSM. Contrary to what is customary in the litera-
ture, where only the decay of the lightest heavy neutrino
is considered, we included the decays of both heavy neu-
trinos in our analysis. Moreover, flavor effects that arise
from the fact that lepton interactions exit thermal equi-
librium at different temperatures in the early Universe
were taken into account. We considered two temper-
ature regimes for leptogenesis: the two-flavored regime
(109 . T . 1012 GeV) and the unflavored regime (T &
1012 GeV). Within our assumptions (M2 & 3M1), we
showed that the CP asymmetries in the flavored regime
are too small to generate the required lepton asymme-
try for successful leptogenesis. On the other hand, for
the unflavored case, the CP asymmetries are enhanced,
and the observed baryon-to-photon ratio is achieved in
the 2RHNSM for the texture combinations (T1,5,R1),
(T3,4,R2), and (T1,6,R3), for M1 ∼ 1014 GeV. Further-
more, the cases (T1,R1) and (T5,R1), with three equal
elements in Yν in the positions (21,31,32) and (21,22,32),
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FIG. 9. Baryon-to-photon ratio ηB as a function of M1 for the cases (T1,R1,B) with Y
ν
21 = Y
ν
31 = Y
ν
32, on the left, and
(T5,R1,C) with Y
ν
21 = Y
ν
22 = Y
ν
32, on the right, using the 3σ range for θij , ∆m
2
21 and |∆m231| given in Table I. The blue (gray)
region corresponds to the case where the contribution of N2 to the final asymmetry is (not) accounted for. The solid blue and
gray lines are the ηB predictions obtained using the low-energy parameters that best fit the considered textures (see Table VI).
The horizontal red line represents the present baryon-to-photon ratio η0B .
respectively, were shown to be also compatible with the
present value of the baryon asymmetry for the same lep-
togenesis temperature T ∼ 1014 GeV.
The nature of the flavor structure of the fermion
sector in the standard model and theories beyond it
remains puzzling. A common approach to address this
problem is to assume certain constraints on the coupling
and/or mass matrices in order to reduce the number
of free parameters. The lepton textures considered
in this work were taken as the simplest and most
economical patterns that can be implemented in the
framework of the 2RHNSM. We have shown that the
maximally constrained 2RHNSM is compatible with
current neutrino oscillation data and can also explain
the matter-antimatter asymmetry in the Universe via
the leptogenesis mechanism. This conclusion holds
for several mass matrix textures with the maximal
number of allowed zeros and, in a more restricted set,
having equal elements in the Dirac Yukawa coupling
matrix. It would be interesting to see if such predictive
textures could arise from a flavor symmetry principle.
This is a subject that certainly deserves to be further
explored [52].
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